A procedure for selection of specific cosmid clones by homologous recombination between cosmid clones from a library and sequences cloned into a plasmid has been developed. Cosmid As a step in the development of rapid "chromosome walking" techniques and to overcome some of the problems in the construction and isolation of cosmid clones, we have developed a protocol designed to simplify the construction and handling of cosmid libraries and to substitute genetic selection procedures for the otherwise work-intensive and difficult steps in the identification of cosmid clones.
Due to their large cloning capacity [typically 45 kilobase pairs (kbp) or more] cosmid vector systems offer major advantages in a number of applications; for example, the analysis of complex gene loci in mammals (1) or the cloning of intact and functional genes too large to be accommodated by X replacement vectors (2) .
As a step in the development of rapid "chromosome walking" techniques and to overcome some of the problems in the construction and isolation of cosmid clones, we have developed a protocol designed to simplify the construction and handling of cosmid libraries and to substitute genetic selection procedures for the otherwise work-intensive and difficult steps in the identification of cosmid clones.
The isolation of cosmid clones carrying sequence homologies to two clones derived from the proximal region of chromosome 17 of the mouse is described (3) . METHODS Plasmids and Strains. DH1 (rA, m', recA; gyrA96, supE) was provided by Doug Hanahan, W3110(r-m') was from Brian Seed, plasmid pRK419 was provided by Roberto Kolter, and pUC8 and pUC9 were from Joachim Messing. HL202, a suppressor-free derivative of DH1 was selected by using infection at high multiplicity with a mixture of N amber phages of A and 180 host range. BHB3169 and BHB3175, respectively, were derived by lysogenizing W3110 r-m' and HL202 with X3169, a Ximm434clfSb2red3Sam7 phage. Lysogens were selected by challenge with Ximm434clb2red3. Construction and further characterization of the cosmid vectors pcoslEMBL and pcos2EMBL and the alternative selection plasmid ps1EMBL will be described elsewhere. DNA Preparation. Plasmid and cosmid DNAs were prepared from saturated cultures by a modification of the alkaline lysis protocol (4) . Vectors were further purified by two cycles of centrifugation on cesium chloride/ethidium bromide gradients.
Preparation of Plating Cells. For the recombination step, fresh single colonies of BHB3169 containing the probe plasmids were rechecked for temperature sensitivity. A heavy inoculum from an LB ampicillin plate was transferred to 500 ml of LB medium warmed to 30°C in a 2-liter Erlenmeyer flask. The cultures were grown at 30°C with vigorous aeration to an optical density of 0.3 (600 nm). The cells were harvested by centrifugation and resuspended in 25 ml of 10 mM MgSO4. Plating cells for other steps in the protocol were either prepared analogously or by concentrating fresh overnight cultures 2-fold by centrifugation and resuspension in 10 mM MgSO4.
Construction of Cosmid Libraries. High molecular weight DNA isolated from livers of inbred mice (129/Sv) was partially cleaved with Sau3A to an average length of 50-100 kbp, the enzyme was heat-inactivated, and the mixture was precipitated with ethanol and treated with calf intestine alkaline phosphatase (5) . pcoslEMBL vector arms were prepared in adaptation of a protocol by Ish-Horowicz and Burke (6) . Two separate aliquots of pcoslEMBL were cleaved with Sal I and Sma I respectively, treated with phosphatase, and recleaved with BamHI. In analogy to a protocol developed for the cosmid vector tetracos (unpublished data), pcos-2EMBL was prepared by cleavage with Pvu II, phosphatase treatment, and subsequent digestion with BamHI. Vector arms generated by one of the two protocols were ligated to the partially cleaved phosphatase-treated mouse DNA, packaged in vitro as described by Scalenghe et al. (7), purified over a cesium chloride step gradient, and plated on DH1. After overnight growth, -2.5 x 105 kanamycin-resistant colonies were harvested by scraping the cells into LB medium with kanamycin (30 ,ug/ml) to an optical density of 0.05 at 600 nm. Cells were grown at 37°C to an optical density of 0.3 and superinfected at a multiplicity of 100 with X3169 phage. After 3 hr at 37°C, the cells were harvested by centrifugation, resuspended in 0.05 vol of X diluent (10 mM Tris-HCl, pH 7.6/10 mM MgSO4/1 mM EDTA) and lysed by adding chloroform.
Library Amplification. Aliquots of 107 colony-forming units of the repackaged library were used to infect BHB3175 and grown on kanamycin plates at 30°C. Cells were harvested by scraping into 500 ml of LB medium with kanamycin (30 ,ug/ml) to a starting optical density of 0.05 at 600 nm. After growth at 30°C to OD 0.3, in vivo packaging was induced by transferring the culture to a 42°C waterbath for 20 min and then incubating at 37°C for 3 hr. Cells were harvested, concentrated, and lysed as described above. The stock of packaged cosmids was used in further experiments.
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Selection of Cosmid Clones. The probe plasmids Tu66 and Tu169 (3) were transformed into BHB3169 and grown on ampicillin plates. Cells were plated as described above; 1010 cells were then preincubated for 15 min at 30'C with 109 colony-forming units of the packaged cosmid library, diluted with LB medium to 200 ml, and transferred to a shaking incubator at 30'C. After 1 hr, kanamycin was added to a concentration of 5 jig/ml. After 3 hr, in vivo packaging was induced as described above. Aliquots of the recombined packaged library were then used to infect DH1 or BHB3175. Cells were incubated in LB for 1 hr (to allow expression of the kanamycin resistance), pelleted, the supernatant was carefully removed, and the cells were resuspended in 0.1 vol of X diluent and plated on nitrocellulose filters (Schleicher & Schuell) on L agar containing kanamycin (15 Ag/ml) and ampicillin (30 ,4g/ml). Both centrifugation and plating on filters were necessary to avoid complications caused by ampicillinase activity. Colonies were picked and purified by another cycle of in vivo packaging in a 200-1.l culture.
Selection of Revertants. Fresh colonies were used to inoculate 2 ml of LB medium containing kanamycin (30 ,ug/ml). After growth to OD -0.3 (600 nm), in vivo packaging was induced either by heat induction of a resident prophage or by superinfection with either X3169 or X3171 (Ximm434cfSSam7) phages. Packaged cosmids were used to infect BHB3175 or DH1 and aliquots were plated on kanamycin plates containing 5-bromo-4-chloro-3-indolyl ,B-D-galactopyranoside (20 ,g/ml) (XGal). White colonies were picked, tested for ampicillin sensitivity, and analyzed further by restriction analysis.
RESULTS
Strategy. The strategy of library amplification, clone selection, and clone manipulation ( Fig. 1 (8); the tetracycline-resistance (Tet) gene and the cos sequence were from pHC79 (9). The lac-encoding sequence was derived from the plasmid pUC8 (10).
clone and library used, but in general have been found to lie between 10-6 and 10-8. Typical titration results at the different steps are given in Table 1 . In contrast, no double-transducing particles could be observed in control experiments using pUC9 without insert for selection (detection limits 10-9 and 10-10).
In some experiments, a variable level of background colonies has, however, been observed, which in the reversion test only give rise to white colonies not resistant to ampicillin. Up to now, we have not been able to identify possible causes for this phenomenon. Clones recovered from a recombination experiment should, therefore, be checked in the reversion experiment to verify their ability to retransduce the ampicillin-resistance marker and the lac operator sequence.
Though both probe plasmids carry inserts of different lengths, the recombination frequencies were found to be rather similar. It can be expected that recombination over sequence homologies significantly shorter than the ones used here will proceed at decreased frequencies. Although in the experiments described here recombination was allowed to proceed for 3 hr before inducing the prophage, in general, recombination times of 1-2 hr were found to be sufficient.
Position and orientation of the recombination event has been verified by digestion of DNA isolated from recombinant cosmids with enzymes cleaving the polylinker sequence adjacent to the insert of the probe plasmid and hybridization with radioactively labeled pUC9 DNA and DNA of the probe plasmid used (Fig. 3) . The resulting hybridization patterns verify the structure predicted for the product of a homologous recombination event over the probe sequence. As shown for clone 66.1, two different fragments hybridize with the probe sequence, only one of which also hybridizes with the plasmid probe. In addition, there is a 3.2-kbp band in all slots except slot 1. This band corresponds to linearized probe plasmid, which excised from the cosmid and replicated autonomously. EcoRI (slot 1) gives a pattern identical To identify these revertants, cosmids were mobilized either by induction of a resident prophage or by superinfection with either red' (X3171) or red-(X3169) phages carrying the Sam7 mutation required for efficient in vivo packaging. Using the red' phage (X3171) providing X recombination functions, reversion frequencies between 0.5% and 80% were reached. Unexpectedly, a low frequency of revertants could also be observed in experiments carried out using red-phages (X3169) in a recA-host environment. If available, products of this type of reversion were analyzed to further decrease the possibility of red-or rec-induced rearrangements of the cosmid clones.
DNA preparations from revertants show the expected changes in structure-a loss of the plasmid sequences, verified both by loss of the pUC9 band in an EcoRI digest and by Southern blot hybridization-as well as the expected decrease in staining and hybridization intensity to the EcoRI fragment used for recombination. To check further for potential instabilities, reversion products of clones were used in a second cycle of recombination and reversion. No changes in the EcoRI digestion pattern could be observed, indicating a high stability of these cosmid clones during the genetic manipulation steps.
Clone Characterization. To verify the expected structure of the clones, the restriction maps of revertants of clones 66.1 and 169.1 were determined by using standard procedures. In addition, information on the environment of the recombination site was obtained by measuring the sizes of the hybridizing fragments shown in Fig. 3 . The resulting interpretation of the structures of recombinants and revertants is shown in Fig. 4 .
DISCUSSION
We describe an efficient and easy protocol for the genetic selection and manipulation of cosmids containing eukaryotic sequences in Escherichia coli. Similar to other genetic selection techniques, our procedure relies on techniques to bring sequences cloned into different vectors together in an environment allowing homologous recombination to take place, followed by selection of the (usually rare) recombination products. Different implementations of this basic concept, using either phage-phage (11) or plasmid-phage recombination (12) have been described.
For the selection of specific clones from libraries encompassing more than 105 different sequences, a number of problems have to be addressed. To allow the specific detection of homologies between the insert sequences, pairs of vectors without sequence homologies must be used. We have, therefore, developed sets of vectors (cosmids and a probe plasmid vector) by modification of pRK419 (8), a plasmid containing the p and y origins of the naturally occurring multicopy plasmid R6K (13) and a Tn903-derived kanamycin resistance gene (Fig. 2 Influences of length and sequence divergence of the homologous sequences have been studied in detail for phageplasmid recombination systems (12) . Although only few results are available for plasmid-cosmid recombination, similar effects can be expected to be observed. Especially interesting for many applications could be the higher stringency of homologous recombination in discriminating between slightly diverged sequences, useful both in the selective isolation of specific members of multi-gene families and in chromosome-walking experiments. We thank Roberto 
